Animal left-right asymmetry
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Symmetry is appealing, be it in architecture, art or facial expression, where symmetry is a key feature to fi nding someone attractive or not. Yet, asymmetries are widespread in nature, not as an erroneous deviation from the norm but as a way to adapt to the prevailing environmental conditions at a time. Asymmetries in many cases are actively selected for: they might well have increased the evolutionary fi tness of a species. Even many single-celled organisms are built asymmetrically, such as the pear-shaped ciliate Paramecium, which may depend on its asymmetry to navigate towards the oxygen-richer surface of turbid waters, at least based on modeling. Everybody knows the lobster with its asymmetric pair of claws, the large crusher usually on the left and the smaller cutter on the right. Snail shells Primer coil asymmetrically, as do the organs they house. Organ asymmetries are found throughout the animal kingdom, referring to asymmetric positioning, asymmetric morphology or both, with the vertebrate heart being an example for the latter. Functional asymmetries, such as that of the human brain with its localization of the language center in one hemisphere, add to the complexity of organ asymmetries and presumably played a decisive role for sociocultural evolution. The evolutionary origin of organ asymmetries may have been a longer than body length gut, which allows effi cient retrieval of nutrients, and the need to stow a long gut in the body cavity in an orderly manner that ensures optimal functioning. Vertebrate organ asymmetries (situs solitus) are quite sophisticated: in humans, the apex of the asymmetrically built heart points to the left; the lung in turn, due to space restrictions, has fewer lobes on the left than on the right side (two versus three in humans), stomach and spleen are found on the left, the liver on the right, and small and large intestine coil in a chiral manner ( Figure 1A ). In very rare cases (1:10,000), the organ situs is inverted (situs inversus), while 
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Current Biology 28, R293-R305, April 2, 2018 heterotaxia refers to another rare situation (about 1:1,000), in which subsets of organs show normal or aberrant positioning or morphology ( Figure 1B ). Individuals with situs solitus or situs inversus are healthy, whereas heterotaxia presents severe congenital malformations. Many human syndromes are known in which patients suffer from laterality defects, such as Katagener syndrome, in which the organ situs is inverted in one half of patients and males are sterile. Snail shells and vertebrate organs are examples of biased asymmetries with on average only one inversion in every 10,000 cases. Other asymmetries such as the coiling of the tails of piglets occur randomly with a 50:50 distribution. This primer exclusively deals with organ asymmetries in the animal kingdom, specifi cally with the mechanisms that ensure the development of biased asymmetries during embryogenesis.
Case studies: Nodal, cilia and Myosin
Nodal is an ancient gene that is present from radial symmetric animals, such as the freshwater polyp Hydra to vertebrates, including humans ( Figure 2 ). It encodes a secreted growth factor which -besides other functions -is at the heart of asymmetry in many, and quite distantly related, phyla. Working in the chicken embryo, seminal work from Cliff Tabin and colleagues fi rst demonstrated a left-asymmetric activity of Nodal in the early embryo, before the onset of organ morphogenesis, and the dependence of situs development on Nodal; their 1995 paper started the modern phase of asymmetry research. In short, Nodal is activated in the left lateral plate mesoderm of the early neurula embryo, where it induces its own transcription, that of its feedback inhibitor Lefty and the homeobox transcription factor Pitx2, which controls asymmetric placement and morphogenesis of organs during later development, long after Lefty has terminated Nodal activity. This basic plan is followed by all vertebrates, primitive chordates such as the lancelet Amphioxus or the tunicate Halocynthia, echinoderms such as sea urchins, protostomes like snails and even Hydra, where Nodal determines the asymmetric biradial bud formation during asexual reproduction that prevails when food is abundant ( Figure 2 ). Quite remarkably, asymmetric Nodal induction occurs already during early cleavage in snails and the polychaete worm Platynereis dumerilii (Figure 2 ). Mollusks and annelids, and lophotrochozoans in general, undergo spiral cleavage divisions during early embryogenesis such that, starting with the third cell division, cells arrange in an asymmetric manner. Nodal asymmetry follows that of spiral cleavage, and asymmetric shell coiling in snails is dependent upon Nodal asymmetry. Lophotrochozoans comprise about one-third of phyla, suggesting that spiral cleavage and the resulting Nodal asymmetry are an ancient mechanism of symmetry breaking. Interestingly, Platynereis appears one hundred percent symmetrical, though Nodal asymmetry shows up in the same cell lineage as in snails, indicating that morphological asymmetries may get lost even against the background of molecular asymmetries. Also, Nodal is not present in ecdysozoans, such as nematode worms and insects like Drosophila melanogaster (Figure 2) .
Deuterostomes, such as echinoderms and chordates, undergo symmetrical cleavage and activate the Nodal cascade only during early neurulation. In this setting, cilia take center stage. Ever since the identifi cation of the Kartagener gene as an axonemal dynein motor in 1976, a role of cilia in vertebrate laterality determination was to be expected. In today's view, the archenteron, which is the primitive gut or remnants thereof, transiently harbors the ciliated epithelium of the left-right organizer during neurula stages. The left-right organizer is characterized by motile cilia at its center and immotile cilia at its lateral borders (Figure 3) . The posterior orientation and tilt of motile cilia, together with their intrinsic clockwise rotation, give rise to a leftward fl uid fl ow in the extracellular space that presumably is sensed by the lateral cilia at the left organizer margin. Subsequently, the Nodal cascade is activated at a distance in the left lateral plate mesoderm (Figure 2 (Figure 2 ). Fruit fl ies lack Nodal and cilia but display very discrete organ asymmetries, namely a 360° embryonic genitalia rotation and asymmetric morphogenesis of the embryonic and adult hindgut. A Drosophila mutant defective in the untypical myosin motor protein myosin 1d (myo1d) shows a complete inversion of the wild-type situation. Myo1d interacts with the planar cell polarity (PCP) pathway that orients epithelial cells in a plane to cause genitalia rotation and asymmetric looping of the hindgut. The positioning of the left-right organizer in the hindgut in addition is dependent on the Hox gene Abdominal-B.
A common origin of animal asymmetry?
Comparing the three scenarios, they seem to share few commonalities at fi rst glance, beyond the prominent role of Nodal. Evo-devo ogic has it that Nodal was lost in ecdysozoans, such as Drosophila, but does that need to mean that the three scenarios depicted above have evolved more or less independently? Spiral cleavage, which is the driving force of Nodal asymmetry in lophotrochozoans, depends on the asymmetric positioning of the spindle apparatus, which arises from the centrosome. The centrosome becomes a basal body when it docks to the apical membrane of an epithelial cell to organize a motile cilium, such as in the vertebrate left-right organizer. Leftwarddirected fl uid fl ow that develops there from the right to the left side, and which eventually breaks symmetry, develops due to the posterior polarization of cilia, which in turn is governed by the PCP pathway. The mechanism of asymmetric localization of the spindle in Platynereis as the model annelid worm is not fully understood, but PCP genes are transcriptionally induced exactly when the embryo undergoes spiral cleavage (in addition to mRNAs that are present in the egg). As mentioned, the PCP pathway is also instrumental for genitalia rotation and hindgut asymmetry in Drosophila. Very recently, it was reported that the myo1d gene is required for laterality determination in the frog Xenopus as well. Cilia polarization and leftward fl ow are disturbed in the absence of myo1d, resulting in aberrant Nodal cascade induction and organ situs. Remarkably, myo1d was shown to interact genetically with vangl2, one of the core PCP components, in Xenopus embryos. It should be interesting and rewarding to study myo1d in snails and annelid worms and to investigate a possible role in spiral cleavage. Myosin 1d may interact with the actin cytoskeleton as well, which is a well-established determinant of asymmetries in snails and nematodes. In Caenorhabditis elegans, a chiral cortical actomyosin fl ow is required for chirality of cleavage and symmetry breaking; it is an open question whether this intrinsic actin chirality plays a role in asymmetric spindle positioning in snails and annelid worms as well. Remarkably, the actin nucleator formin is associated with symmetry breaking in the pond snail.
Another putative commonality refers to where asymmetries arise during early embryogenesis. Both in Drosophila and the deuterostomes, left-right organizers are localized in the primitive gut or archenteron, although due to various adaptations the archenteron is not as easily recognized in bony fi sh and mammals as it is in primitive fi sh (sturgeon) and amphibians. Classical embryological literature, however, has recognized both the Kupffer's vesicle of bony fi sh and the node (or posterior notochord) of mammals as remnants of the archenteron. In snails and annelid worms, the fate of the so-called 2c-cell that fi rst displays asymmetric Nodal activity is the right side of the stomodeum, which may be considered the anterior end of the embryonic gastro-intestinal tract. In Drosophila, the positioning of the left-right organizer in the larval gut is under the control of Abd-B. Vertebrate left-right organizers are precisely localized in neurula stage embryos as well, namely at the posterior end of the developing notochord. Whether or not Hox genes are involved in anteriorposterior positioning of vertebrate left-right organizers is an open question that needs to be experimentally tackled (which may be challenging, given that four paralogous genes exist in the Abd-B position of vertebrate Hox clusters). Animal asymmetries thus R304 Current Biology 28, R293-R305, April 2, 2018 may have originally evolved through Nodal-dependent and PCP-triggered asymmetric morphogenesis of the primitive gut. The 'urbilaterium', a hypothetical species at the base of all bilaterally symmetrical animal phyla, may have been characterized by an asymmetric, long and regionalized gut that arose during embryogenesis through a Nodal/PCP/Hox-dependent mechanism (Figure 2) . Cilia, however, with which the bulk of the left-right research and literature these days is concerned (due to a regrettable bias for vertebrate model organisms), most certainly were not involved in urbilaterian asymmetries. It is a fascinating question when and how cilia became co-opted into the pathway that leads to asymmetric Nodal induction. This co-option should have occurred at the base of the deuterostomes, as both sea urchins and vertebrates depend on cilia for symmetry breaking. Interestingly, there are signs for early cleavage asymmetries in vertebrates as well, not only with respect to the extrusion of polar bodies. The frog Xenopus, for example, displays a very discrete chirality of early cleavage divisions, which is dependent on the actin cytoskeleton and predictive for the organ situs that later develops in a cilia-dependent manner. This fi nding indicates that cilia evolved against the background of at least a cryptic form of chiral cleavage. Any disturbance of cilia structure or function at the left-right organizer, however, disrupts asymmetric development, suggesting that chiral cleavage in Xenopus represents an atavism. Yet, the question remains whether or not this atavism has become functional again when cilia were secondarily lost in birds such as chicken. Chicken embryos lack a recognizable ciliated left-right organizer; they manage to displace organizer Nodal to the left side, through chiral cell migration at Hensen's node, the mechanism of which, unfortunately, has not been worked out.
There is one particularly fascinating fi nding that may shed some fi rst light on this phenomenon. The matrix metalloproteinase MMP21 was recently found to be involved in ciliadependent symmetry breaking, when the molecular mechanism underlying a human mutation was investigated. Importantly, MMP21 is absent from the genome of birds and reptiles (sauropsida). Birds also lack this enigmatic entity of superfi cial cells that are fated to become mesoderm, from which ciliated vertebrate left-right organizers derive. What does the one have to do with the other? We don't know, experiments have not been reported so far. To top it off: MMP21 is also missing from the genome of cetartiodactyla, a monophyletic group that spans whales and even-toed ungulates. The pig as a representative of the latter lacks a ciliated left-right organizers but has an asymmetric node just like birds. Together, these loose ends may suggest that an ancestral cilia-based symmetry breaking mechanism disappeared secondarily due to gene loss(es), in parallel perhaps with reactivation of the atavistic chiral cleavage, at least during a narrow time window (gastrulation) in a discrete group of embryonic cells: Hensen's node, or the primary embryonic organizer. It remains to be seen whether MMP21 represents a singular gene loss or whether other genes disappeared in parallel.
The EvoDevo view spread out in a few facets above may provide some fi rst hints as to the mechanisms underlying organ asymmetry across the animal kingdom. It is not too adventurous to propose that Nodal and PCP play pivotal roles in many phyla. Many fascinating questions remain: What is the spiral cleavagedependent mechanism of asymmetric Nodal induction in annelids and snails? Is spiral cleavage controlled by PCP? Does myosin 1d play a role in this process as well? Do Hoxgenes impact on laterality beyond Drosophila and what is their precise function? How come gene loss is related to a completely different mode of symmetry breaking in sauropsida and cetartiodactyla? What is the molecular basis of chiral cell migration in these species? Does it depend on PCP, myo1d or both? The short history of molecular asymmetry research since the mid-1990s has shown that a lot has been learned from comparative functional studies in diverse animal models. Hopefully, additional model organisms such as Platynereis dumerilii and the pig will be explored in the future, and established ones such as the chick followed up to tackle some of these questions. As of today, we would put our money on animal organ asymmetries having a monophyletic origin. We should stay alert for surprising conservations, novel factors and a variety of evolutionary adaptations.
